Background Forearm kinematics and interosseous membrane function in chronic radial head dislocations sustained in childhood are unknown. Several procedures have been performed to reduce the radial head on the basis of static preoperative assessment in only one forearm position, but clinical results are not always favorable. Questions/purposes We investigated the in vivo threedimensional (3D) kinematics and length changes of interosseous membrane ligaments during forearm rotation in chronic radial head dislocations using 3D CT registration techniques. Methods We examined 10 patients with chronic radial head dislocations (seven Type 1 and three Type 4 Monteggia lesions). To quantify kinematics, the axis of rotation (AOR) and radial head motion were investigated using computer bone models constructed from CT data placing the forearm in three positions. We also created six interosseous membrane ligaments and calculated their 3D lengths during forearm rotation.
Introduction
Radial head dislocation in children may cause osteoarthritis, posterior interosseous nerve palsy, and cubitus valgus deformities in the long term [4, 7, 9, 17, 18] . However, treatment for chronic radial head dislocation is still controversial. To achieve open reduction of the radial head, ligament reconstruction [9, 18, 29, 32] , ulnar osteotomy [6, 10] , and a combination of both techniques [4, 5, 7, 24, 31, 34, 37] have been proposed. However, the radial Each author certifies that he or she, or a member of his or her immediate family, has no commercial associations (eg, consultancies, stock ownership, equity interest, patent/licensing arrangements, etc) that might pose a conflict of interest in connection with the submitted article. All ICMJE Conflict of Interest Forms for authors and Clinical Orthopaedics and Related Research editors and board members are on file with the publication and can be viewed on request. Each author certifies that his or her institution approved the human protocol for this investigation, that all investigations were conducted in conformity with ethical principles for research, and that informed consent for participation in the study was obtained. This work was performed at Osaka University Graduate School of Medicine, Osaka, Japan. head sometimes remains subluxated or redislocated, even after these procedures [4, 6, 7, 18, 24, 29, 31, 37] . Nonsurgical treatment leaving the radial head dislocated also has been advocated [11, 12] .
The kinematics of the normal forearm have been investigated using various methods, in vitro and in vivo. Normally, the radial head in the proximal radioulnar joint is stable during forearm rotation, and the axis of rotation (AOR) passes through the center of the radial head (COR) [3, 14, 20] . Recent in vivo and three-dimensional (3D) studies revealed the radial head translated minimally (approximately 2 mm) only in the sagittal direction [3, 14] , and the distance from the COR to the mean AOR (d-R) was minimal (approximately 4 mm) [36] . These analytic techniques are advantageous in terms of noninvasiveness, and they can be used in patients with forearm abnormalities [26] . However, in vivo 3D kinematics of chronic radial head dislocations have not been reported to date. If the radial head is unstable during forearm rotation, although several procedures have been performed on the basis of static preoperative assessment in only one forearm position, dynamic assessment including several forearm positions may be necessary.
The functional anatomy of the interosseous membrane of the normal forearm also has been investigated by many researchers. The interosseous membrane is a complex of ligaments and membranes, each of which plays a different functional role [8, 22, 25, 33] . Moritomo et al. [22] investigated in vivo and 3D change in length of the interosseous membrane ligaments using a novel technique combined with normal anatomic data. They found the central band comprising the broadest and thickest fibers in the interosseous membrane [8, 33] , accessory band, and distal oblique bundle are almost isometric during forearm rotation, although there is slight laxity during pronation. The proximal oblique cord and dorsal oblique accessory cord act as check lines, which are taut in pronation. In chronic radial head dislocations without a functional annular ligament acting as stabilizer of the forearm bones, the role of the interosseous membrane is considered crucial. However, in chronic radial head dislocations, the function of the interosseous membrane during forearm rotation in vivo is still unknown. In addition, ulnar osteotomy has been performed on the basis of the distal ulna and radius moving together through the interosseous membrane [6, 7, 24, 34] .
We therefore investigated (1) the in vivo 3D kinematics of the forearm to discover whether the radial head is stable or unstable during forearm rotation, even in the dislocated position, and (2) the in vivo 3D change in length of the interosseous membrane ligaments during forearm rotation in chronic radial head dislocation using an advanced noninvasive technique.
Patients and Methods
We studied 10 consecutive patients with traumatic chronic radial head dislocation examined at our institution between 2005 and 2009 ( Table 1 ). The inclusion criterion for this study was radial head dislocation greater than 6 months from the time of initial trauma. Patients with congenital radial head dislocation were not included in this study. There were seven males and three females with a mean age of 16.2 years (range, 8-38 years) included in the study. The mean interval between injury and examination was 109 months (range, 6-372 months). Seven had a Type 1 Monteggia lesion with fracture of the ulna and anterior angulation and anterior dislocation of the radial head, and three had a Type 4 Monteggia lesion with fracture of the ulna and radius and anterior dislocation of the radial head, according to the Bado classification [2] . Eight patients were treated with closed reduction and cast immobilization and two received percutaneous pinning with Kirschner wires. None of the patients had a history of trauma in the contralateral forearm. Informed consent for participation in this study was obtained from all patients or their guardians as appropriate.
Both forearms, from elbow to wrist, were scanned using CT using a low-dose technique (scan time, 0.5 seconds; slice thickness, 0.625 mm; 10 mA, 120 kV) [27] with a LightSpeed TM Ultra 16 CT scanner (General Electric, Waukesha, WI, USA) in three positions: maximum supination, neutral, and maximum pronation. Imaging was done with the patient in the prone position with the arms elevated above the head. Data were saved in DICOM format and sent to a computer. We created 3D computer bone models of the radius, ulna, and humerus from CT data using an original computer program based on the Visualization Toolkit (Kitware, Clifton Park, NY, USA). Volume-based registration [13, 21, 22, 26] was performed semiautomatically to determine relative positions between volume images represented at different coordinates. We expressed transformation of the radius with respect to the ulna in helical axis parameters, which are defined as rotation about and translation along a unique axis [15, 16] . Using this technique, the AOR was calculated [22, 26] . To quantify displacement of the AOR, d-R was investigated according to the method described by Oka et al. [26] . d-R was measured on the axial plane of the proximal radioulnar joint (Plane P) with the forearm in the neutral position ( Fig. 1 ). The distance of COR translation during forearm rotation also was investigated on Plane P. The distance along the line passing through the posterior border of the ulna and the tip of the coronoid process [28] and the distance along the perpendicular to that line were calculated as the distance of sagittal translation of the COR (d-S) and the distance of coronal translation of the COR (d-C), respectively.
We determined six interosseous membrane ligament attachments (distal ligament of the accessory band, distal portion of the central band, middle portion of the central band, proximal portion of the central band, proximal oblique cord, and dorsal oblique accessory cord; Fig. 2 ) on the mirror image of the contralateral normal bones by combining osseous images and anatomic data of ligament attachments according to the method described by Moritomo et al. [22] and Noda et al. [25] ( Fig. 2A) . The attachments on the affected bones were determined by superimposing the mirror images of the bones with the ligament attachments onto the affected bones using a bone registration technique ( Fig. 2B-C) . Osseous deformity also could be determined in 3D using this technique [1, 23, 35] . The six paths were modeled on the affected side according to the method described by Marai et al. [19] ; the method used to calculate the shortest ligaments takes into account that the ligament does not form a straight line from origin to insertion, but detours around bony protrusions ( Fig. 2D ). We then calculated the 3D distance of the six paths during forearm rotation [13, 21, 22] . The accuracy of this 3D volume registration technique for forearm bones using CT data was evaluated by Oka et al. [26] . The rotation error was 0.38°± 0.62°and the translation error was 0.56 ± 0.06 mm. All data were expressed as mean ± SD. Because we speculated the kinematics of chronic radial head dislocation resulting from a Type 4 Monteggia lesion might be different from those of a Type 1 Monteggia lesion, differences in d-R, d-S, and d-C between these two groups were analyzed using the Mann-Whitney U test. In addition, previous researchers have reported the surgical outcome was less satisfactory for long-standing cases with a duration greater than 3 years from injury or older cases in patients older than 12 years [24, 34] . Therefore, differences in d-R, d-S, and d-C also were analyzed for the two groups based on factors (age at examination and time from injury to examination) that might influence kinematics. Paired t-tests were used to determine whether there were significant differences in interosseous membrane ligament length between forearm rotation positions [22] . To determine the influence of ulnar deformity on interosseous membrane ligament isometricity, correlations between the degrees of ulnar deformity and changes in interosseous membrane ligament length during forearm rotation in Type 1 lesions were examined using Pearson's correlation coefficient. A p \ 0.05 was considered significant.
Results
The radial head was relatively stable in the dislocated position during forearm rotation in Type 1 lesions (Fig. 3A) , while it showed an unstable, clock motion pattern in Type 4 lesions (Fig. 3B ). Age at examination and time from injury to examination had little influence on 3D kinematics ( Table 2) . d-R, d-S, and d-C were 2.4 ± 0.9 mm, 2.8 ± 2.0 mm, and 3.4 ± 2.4 mm, respectively, in Type 1 lesions, and 6.2 ± 1.0 mm, 10.2 ± 1.8 mm, and 4.7 ± 3.4 mm, respectively, in Type 4 lesions. The d-R and d-S were larger (p = 0.02 in both cases) in the Type 4 lesions than in the Type 1 lesions, whereas d-C was similar in the two groups (p = 0.57).
Three interosseous membrane ligaments showed little change in length in Type 1 lesions ( Fig. 4 ), while no ligament showed an isometric pattern in Type 4 lesions (Fig. 5 ). The degree of ulnar deformity did not show a correlation with interosseous membrane ligament isometricity. In Type 1 lesions, the distal portion of the central band ( Fig. 4A ) and distal ligament of the accessory band ( Fig. 4D ) showed little change in length during supination but decreased during pronation (p = 0.02 and 0.003, respectively), where the differences were 0.7 ± 0.5 mm The dorsal oblique accessory cord showed little change in length during pronation but decreased during supination (p = 0.02), where the difference was 1.3 ± 1.1 mm (Fig. 4F) . The total angle of ulnar deformity was 24.6 o ± 7.7 o and did not show a correlation with changes in interosseous membrane ligament length (Table 3 ). In Type 4 lesions, the distal (Fig. 5A) , middle (Fig. 5B) , and proximal (Fig. 5C ) portions of the central band and the distal ligament of the accessory band ( Fig. 5D ) increased in length from supination to pronation, although these changes were not statistically significant. Differences in length were 1.4 ± 1.4 mm, 2.1 ± 2.0 mm, 1.6 ± 0.8 mm, and 6.5 ± 8.5 mm, respectively. The length of the proximal oblique cord increased during supination (p = 0.02), where the difference was 1.9 ± 0.5 mm (Fig. 5E ). The length of the dorsal oblique accessory cord decreased during pronation (p = 0.009), where the difference was 4.2 ± 0.7 mm (Fig. 5F ). Values are expressed as mean ± SD; d-R = distance from the center of the radial head to the mean axis of rotation; d-S = distance of sagittal translation of the center of the radial head; d-C = distance of coronal translation of the center of the radial head. 
Discussion
Treatment for chronic radial head dislocations is controversial. Although the detailed kinematics and interosseous membrane function during forearm rotation in chronic radial head dislocation are unknown, several procedures have been performed to achieve reduction of the radial head. However, clinical results have not always been favorable. Researchers recently were able to measure joints in vivo and by 3D kinematics and thus calculate ligament length using noninvasive techniques [21, 22] . In this study, we investigated (1) the in vivo 3D kinematics and (2) the in vivo 3D length changes of the interosseous membrane ligaments during forearm rotation in chronic radial head dislocations using an advanced noninvasive technique.
Our study had some limitations. The number of patients, particularly with Type 4 Monteggia lesions (n = 3), was not large. Ligament attachments were determined only on the basis of anatomic information. Our findings are theoretical only and have not been tested surgically. The disadvantage of the analytic technique is the use of static motion analysis in only three positions. Static measurement does not include any inertial or functional effects that might occur during forearm rotation.
Regarding analysis of 3D kinematics, our results indicate the radial head was relatively stable during forearm rotation in Type 1 Monteggia lesions in comparison to the normal forearm [3, 14, 20, 36] , although abnormal coronal translation of the radial head occurred by approximately 3 mm. However, the radial head was unstable during rotation in Type 4 Monteggia lesions. The AOR passed through a point approximately 6 mm from the COR, and abnormal translation of the radial head occurred approximately 10 mm in the sagittal direction and approximately 5 mm in the coronal direction. The differences in kinematics between the two groups may be attributable to the effect of radial deformity, which exists only in Type 4 lesions, and possible ligament laxity from the original injury.
In Type 1 lesions, the isometricity of the interosseous membrane ligaments was maintained in comparison to the normal forearm [22] . The middle and proximal portions of the central band showed almost complete isometricity, and there was no laxity in pronation. In addition, the proximal oblique cord, which acts as a check line in the normal forearm, showed an isometric pattern during rotation. In the normal forearm, the length of the proximal oblique cord increases in pronation under the influence of the radial tuberosity [22, 30] , but this was not noted in chronic radial head dislocation because of anterior shift of the radius. The isometricity of the interosseous membrane ligaments may contribute to relatively stable motion of the radial head in the dislocated position during rotation even when a functional annular ligament is absent. However, in Type 4 lesions, the normal pattern of the interosseous membrane ligaments during rotation was not recorded. In contrast to the normal pattern, the distal interosseous membrane ligaments were taut mainly in pronation, while the proximal interosseous membrane ligaments were taut mainly in supination.
Ulnar bending osteotomy, almost always with elongation, has been performed for treatment of chronic radial head dislocation [6, 7, 24, 34] . This surgery is expected to correct the position of the radial head based on the concept that the distal ulna and radius move together through the interosseous membrane, rather than to correct the ulnar bone deformity. The findings regarding change in length of the interosseous membrane ligaments in Type 1 lesions support this concept. Control of the radial head is considered to be reliable because the majority of the interosseous membrane ligaments were always taut in any forearm position. In addition, during rotation, the relative stability of the radial head is favorable to maintaining the position of the radial head in the proximal radioulnar joint after ulnar osteotomy. However, the radial head did not show totally normal kinematics. Additional ligament reconstruction may be necessary in patients with considerable coronal translation of the radial head. Conversely, an ulnar osteotomy may not control the radial head in Type 4 lesions because of its instability during rotation and the abnormal pattern of interosseous membrane ligament tautness. For Type 4 lesions, a radial osteotomy in addition to an ulnar osteotomy may be necessary to alter the path of the AOR to coincide with the COR. Nevertheless, the AOR and the distance between the radius and ulna (the interosseous membrane ligament length) may change after an ulnar osteotomy. Additional research, including computer simulation of the ulnar osteotomy regarding soft tissue effects or postoperative motion analysis is required to confirm the mechanism of an ulnar osteotomy.
We found the radial head was relatively stable during forearm rotation, and the isometricity of the interosseous membrane remained in Type 1 lesions. Conversely, the radial head was unstable during rotation, and the normal interosseous membrane ligament tautness pattern was disrupted in Type 4 lesions. We believe the information derived from our study will improve our understanding of chronic radial head dislocations and contribute to appropriate surgical treatment. In addition, our analytic technique that includes the contralateral normal side is considered useful in addressing other difficult issues such as forearm diaphyseal malunion.
